Abstract Purpose: We have determined the ability of positron emission tomography (PET) with the thymidine analogue 3'-deoxy-3 ¶[ 
Tumors originating from soft tissue or bone comprise a multitude of entities with different grades of malignancy, biological behavior, and therapeutic options. The incidence is relatively low (f2-3 per 100,000 in the United States), and malignant tumors account for 0.6% of all cancers (1) . Treatment strategies rely on tumor stage at initial presentation, histologic subtype, and tumor grading assessed by incisional biopsy. The tumor grade represents an important factor related to metastasis and overall survival, therefore being especially helpful in selecting patients who may benefit from adjuvant chemotherapy (2) . Magnetic resonance imaging, helical computed tomography (CT), angiography, and bone scintigraphy remain the mainstay diagnostic tests for imaging primary tumors and screening for distant metastases (3 -5) .
Positron emission tomography (PET) allows noninvasive assessment of cancer biology and may aid in staging tumors, detecting relapse, or differentiating scar from residual tumors. Numerous studies have evaluated potential advantages of imaging sarcoma with PET and the glucose analogue [ 18 F] fluorodeoxyglucose (FDG; refs. 6 -20, reviewed in ref. 21 ). FDG-PET was also suggested for noninvasive tumor grading (7, 9, 10, 12, 13, 19) . The vast majority of these studies showed significantly higher uptake of FDG in high-grade compared with low-grade sarcomas. However, an overlap of tumoral FDG uptake has been reported in a considerable number of patients. Furthermore, false-positive PET-findings were reported in aggressive benign tumors and inflammatory lesions (10, 22, 23) . FDG is also inadequate to differentiate low-grade malignant lesions from benign tumors. Several preliminary studies suggested early discrimination between nonresponders, and patients responding to adjuvant chemotherapy and persistent FDG uptake was shown to be a strong predictor for early relapse (24) (25) (26) (27) (28) (29) (30) . Yet, the exact role of FDG-PET for diagnosis, follow-up, and response assessment of patients with bone or soft tissue sarcoma remains to be determined (31 -33) .
Multimodality imaging integrating metabolic and morphologic imaging (e.g., FDG-PET/CT) may overcome some of these shortcomings. Another approach is the use of more specific radiopharmaceuticals. Deregulated cell cycle progression is a prerequisite of cancer and presumably more specific than altered glucose consumption. Imaging proliferation potentially increases the specificity and enables early response assessment to antineoplastic treatment. [ 11 C]thymidine represents the native pyrimidine nucleoside and was therefore introduced as radiopharmaceutical for imaging proliferation. The thymidine analogue 3 ¶-deoxy-3 ¶[ 18 F] fluorothymidine (FLT) has been reported to be more stable and can accumulate both in proliferating tissues and malignant tumors (34) . In malignant lymphoma, we have recently shown the superior differentiation of low-grade from more aggressive tumors (35) . There is only one clinical study reporting that FLT-PET is feasible for imaging of soft tissue sarcomas of the extremities (36) .
The aim of this study was to determine if PET with the proliferation marker FLT enables also detection of malignant tumors of bone structures, differentiation of benign from malignant tumors, and if FLT-PET allows noninvasive assessment of tumor grading.
Patients and Methods
Patient characteristics and routine staging. This prospective study comprised 22 patients (17 men and 5 women) with a mean age of 49.3 y (range, 18-78 y; Table 1 ). Patients with newly diagnosed soft tissue or bone tumors suspicious for a malignant tumor or already histologically confirmed malignant tumors who were admitted to the University Hospitals in Ulm (14 patients) or Munich (Klinikum rechts der Isar, Technical University Munich; 8 patients) for pretherapeutic staging and treatment planning were included. Patients with a history of a malignant tumor or patients who previously underwent radiotherapy or chemotherapy were excluded from this series. PET imaging was done in 14 patients before and in 8 patients after incisional biopsy. Biopsied tumor specimens were >10 mm in all patients. The mean diameter of all biopsied lesions was 59.6 mm (SD, 41; range, 15-150 mm). All patients gave written informed consent to participate in the study, which was approved by the ethical committee of the medical faculty of both centers.
Routine staging included clinical examination, laboratory screening, and CT or magnetic resonance imaging of the primary tumor site in all patients. In 15 patients, FDG-PET was also part of the staging procedures.
Histopathology and tumor grading. Histopathologic classification was carried out by experienced pathologists (P.M. or G.W.) in all patients according to the current WHO recommendations using H&E-stained sections (37) . For grading of soft tissue sarcomas, the French grading system (French Federation of Cancer Centers) was used (38) . For grading of malignant tumors of bone, a similar classification system was used based on tumor differentiation, mitotic Fig. count (35) . The radiochemical purity was >99% confirmed via radioanalytical high performance liquid chromatography (Phenomenex Luna C18 column; 250 cm Â 4.6 mm; 10% ethanol in water; flow rate, 0.5 mL/min). The specific activity was f120 GBq/Amol. The final product was sterile and pyrogen free.
PET. In both centers, FLT-PET imaging was done using a highresolution full-ring scanner (ECAT HR+; Siemens/CTI), which produces 47 contiguous slices per bed position with a slice thickness of 3.4 mm. Axial field of view is 15.5 cm per bed position. At least five bed positions were measured in each patient covering a total field of view of 77.5 cm. The emission scan included the base of the skull, neck, thorax, abdomen, pelvis, and proximal femora in all patients. Additionally, in case of a peripheral tumor, affected limbs (legs or arms) were imaged. Patients fasted for at least 6 h before PET imaging. Static emission scans At the center of Munich, FDG-PET was done in eight patients using a hybrid PET/CT scanner (Siemens Biograph 16); at the PET center of Ulm, three patients had additional FDG-PET using a Siemens ECAT HR+ scanner (as mentioned above) and four patients with the use of a PET/CT scanner (GE Discovery LS). Patients fasted for least 6 h before the PET scan, and blood glucose levels were measured before administration of FDG. All measured values were <150 mg/dl. The CT acquisition protocol included a low-dose CT in all 15 patients (26 mAs; 120 kV; 0.5s per rotation; 5-mm slice thickness) from the top of the skull to mid thigh for attenuation correction followed by the PET scan. In case of a peripheral tumor, imaging of the affected extremities (legs or arms) was done additionally. Sixty minutes after i.v. injection of 370 to 550 MBq of FDG, PET scans were acquired in two-dimensional mode with an acquisition time of 3 or 4.5 min per bed position. Forty or 37 contiguous slices were acquired per bed position; the matrix size was 128 Â 128 with a slice thickness of 3.4 mm or 5 mm, respectively. Images were reconstructed by an attenuation-weighted ordered-subsets expectation maximization algorithm (4 iterations; 8 subsets) followed by a postreconstruction smoothing Gaussian filter (5-mm full-width at half maximum). Emission data were corrected for randoms, dead time, scatter, and attenuation, and the same reconstruction algorithm was applied as for the conventional FLT-or FDG-PET data.
Visual interpretation of FLT-PET. All images were evaluated by two experienced nuclear medicine physicians without knowledge of the results of histopathologic classification or standard imaging procedures. Focally increased FLT uptake in soft tissues or bone with usually mild or homogenous activity were interpreted as manifestation sites of a malignant tumor. If both readers produced differing results, respective scans were reanalyzed and a consensus was made.
Quantification of FLT or FDG uptake. In each tumor, the transaxial section with the highest metabolic activity was selected. Circular regions of interest with a diameter of 1.5 cm were placed in the area with the highest tumor activity as described earlier (40) . In small tumors, sideby-side viewing of pretherapeutic helical CT or magnetic resonance imaging was used to assure correct placement of the regions of interest. Mean and maximum standardized uptake values (mean or maximum FLT-SUV) were calculated from each regions of interest using the formula: SUV = measured activity concentration (Bq/g) Â body weight (g)/injected activity (Bq). Regions of interests were also placed in reference segments of the following organs: lungs, liver, bone marrow, spleen, bone, intestines, and brain. Normal tissue biodistribution was similar to that described in an earlier study in patients with malignant lymphoma (data not shown; ref. 35) . In patients 1 and 8, transmission scanning was not practicable due to technical reasons and, consecutively, SUVs could not be calculated. Respective uptake of FDG in primary bone or soft tissue tumors was semiquantitatively assessed as described for FLT.
Data analysis. Statistical analyses were done using PRISM software version 5.0 (GraphPad). After completion of the study, results of histopathology, tumor grading, routine staging procedures, and findings at FLT-PET were compared. Data are presented as mean, median, range, and SD. Differences were considered significant at a P value of <0.05. Linear regression analysis was done to test for a potential correlation of FLT or FDG uptake and tumor grading using Origin software 7.0 (OriginLab). Receiver operating characteristic analysis was done to evaluate performance characteristics of FLT-or FDG-PET for differentiating benign from malignant tumors.
Results
Histopathology and tumor grading. Twelve of 22 patients were included due to a newly diagnosed soft tissue lesion; 10 patients presented with lesions of bone structures (Table 1) . Overall, histopathology revealed malignant tumors in 17 patients and benign lesions in 5 patients (Table 1) . Soft tissue masses comprised 10 malignant tumors including spindle cell sarcoma (n = 2), liposarcoma, leiomyosarcoma, myxofibroid Research.
on July 14, 2017. © 2008 American Association for Cancer clincancerres.aacrjournals.org Downloaded from and epitheloid sarcoma, schwannoma, histiocytosis, a peripheral nerve sheath tumor and a Merkel tumor, as well as 2 benign tumors (schwannoma and hibernoma).
Seven malignant bone tumors comprised fibromyxoid sarcoma (n = 2), Ewing's sarcoma, osteosarcoma, leiomyosarcoma, and histiocytoma (n = 2). Two patients had benign tumors of bone (enchondroma and osteochondroma), whereas one had necrosis of the right femoral head. Histopathologic grading according to the French (soft tissue sarcoma) or WHO (sarcoma of bone) classification system revealed 3 low-grade tumors and 14 high-grade tumors (7 patients with grade 2 and 7 patients with grade 3 tumors).
Imaging malignant soft and bone tissue tumors with FLT-PET. FLT-PET produced images of high contrast of both proliferating bone marrow and high-grade bone or soft tissue tumors ( Figs. 1 and 2) . In all patients, histologically proven malignant tumors presented with focal FLT uptake higher than surrounding background activity (17 of 17; sensitivity, 100%). Mean FLT uptake in all malignant tumors was 4.7 (range, 1.0-8.3) and significantly higher compared with the four benign tumors (mean FLT uptake, 0.7; range, 0.3-1.8; P < 0.0001). There was a similar FLT uptake in soft tissue tumors (mean FLT-SUV, 4.7; range, 1.0-7.6) compared with tumors of bone (mean FLT-SUV, 4.5; range, 2.5-8.3).
The average maximum FLT uptake in malignant tumors was 6.4 (range, 1.8-12.7). Maximum FLT uptake in soft tissue tumors was 7.2 (range, 1.8-12.7) and significantly higher compared with malignant bone tumors (4.7; range, 3.2-6.8; P < 0.05).
Three patients had multiple lung metastases from soft tissue sarcoma or sarcoma of bone with a minimum size of >20 mm. In all patients, focal pulmonary FLT uptake was observed corresponding to lung metastases present at conventional imaging (helical CT or FDG-PET; Fig. 3) .
Imaging benign tumors with FLT-PET. Three of 4 benign tumors did not show increased FLT uptake compared with background activity, whereas one presented with mild focal tracer uptake (specificity, 75%). Mean FLT-SUV in benign lesions was 0.7 (range, 0.3-1.3). In the three soft tissue tumors including schwannoma, enchondroma, and hibernoma, uptake was quite low with a mean FLT-SUV of <0.8 in all lesions. In the one patient with enchondroma of the distal femur, increased FLT uptake was observed compared with the contralateral bone and was, therefore, misinterpreted as malignant. Consecutively, SUV calculation revealed slightly increased tracer uptake in this lesion (mean FLT-SUV, 1.3). The lesion representing necrosis of the femoral head was correctly interpreted as benign because of a lower uptake compared with the contralateral side. However, this lesion had somewhat increased FLT uptake (mean FLT-SUV, 1.8), although clearly lower than neighboring normal bone marrow activity.
Assessment of tumor grading. In low-grade sarcoma (grade 1), mean FLT-SUV was 1.3 (range, 1.0-1.6) and significantly lower compared with grade 2 (4.1; range, 2.2-6.0; P = 0.002) Maximum FLT values also differed significantly between low-grade tumors (1.6; range, 1.4-1.8) and grade 2 (5.3; range, 2.9-7.4; P = 0.002) or grade 3 tumors (7.9; range, 3.2-12.7; P = 0.001).
Mean and maximum FLT uptake correlated significantly with tumor grading (P < 0.001) and a cutoff value of 2.0 for mean SUV (respective value of maximum SUV, 2.3) discriminated between low-and high-grade tumors. Using receiver operating characteristic analysis, mean FLT-SUV distinguished between benign and malignant tumors with an area under the curve of 0.96 (maximum FLT-SUV, 0.94).
There was an overlap of FLT-uptake in benign tumors and low-grade sarcomas presumably related to physiologically increased tracer uptake in proliferating bone marrow in the one patient with enchondroma. Omitting this bone marrow lesion from the analysis, a cutoff value of 0.8 for mean FLT-SUV (maximum FLT-SUV, 1.2) differentiated between all benign and malignant tumors.
Comparison of FLT-and FDG-PET. Fifteen of 22 patients (11 of 17 patients with malignant bone or soft tissue tumors) underwent PET imaging with both tracers enabling a direct comparison. In malignant tumors, mean average FDG-SUV was 9.5 (range, 3.7-21.9) and average maximum FDG-SUV was 14.8 (range, 6.7-31.2). Both mean and maximum FDG-SUV were significantly higher compared with benign lesions (average mean SUV, 2.2; range, 1.3-3.0; average maximum SUV, 2.9; range, 1.6-4.7; P < 0.0001), resulting in the same sensitivity for detection of malignant tumors (100%). There was focal FDG uptake in 3 of 4 benign lesions; however, a threshold of 3.4 for mean SUV differentiated between benign and malignant tumors (area under the curve, 1.0; P < 0.05; respective values for maximum FDG-SUV: cutoff value, 5.2; area under the curve, 1.0; P < 0.05). Compared with FLT, linear regression analysis indicated no significant correlation of mean or maximum FDG-SUV and tumor grading (mean FDG-SUV: r = 0.012; P = 0.97; maximum FDG-SUV: r = 0.016; P = 0.96; Fig. 4 ).
Discussion
Recently, the thymidine analogue FLT was suggested for noninvasive assessment of proliferation and tumor grading (34, 35) . This is the first clinical study indicating that FLT-PET is suitable for imaging sarcomas of bone structures. Due to low background in peripheral bones and soft tissues, malignancy associated FLT-uptake was easily detectable also in bone sarcomas (sensitivity, 100%). Routine staging procedures detected sarcoma-related pulmonary metastases in three patients, and focal pulmonary uptake of FLT was present in all of them. However, lesions were >20 mm in all patients, and the high sensitivity may not hold up in a larger study comprising also smaller tumors. Research. An important finding of our study is a significantly higher FLT-uptake in high-grade (grade 2-3) compared with low-grade tumors (P < 0.0001). No overlap was observed and a cutoff value of 2.0 for mean FLT-SUV differentiated between low-and high-grade tumors. Linear regression analysis also indicated significant correlation of FLT uptake and tumor grading (P < 0.001). This observation is consistent with a recent study reporting a sensitivity of 100% and significant correlation of maximum FLT-SUV to proliferation fraction and tumor grading in a series of 19 patients with soft tissue sarcoma (36) .
Interestingly, in a patient with leiomyosarcoma, faint FLTuptake of the primary tumor (mean SUV, 1.0) corresponded to low-grade histology (grade 1), whereas in pulmonary metastases, FLT uptake was markedly higher (FLT-SUV, 2.2). Rebiopsy of the pulmonary lesion indicated a more aggressive histology (grade 2). Tumor grade was therefore correctly assigned in both primary tumor and metastases, whereas FDG-PET showed intense uptake in both lesions (Fig. 3) . These findings suggest a potential role of FLT-PET for noninvasive tumor grading and warrant further analysis in a larger series.
PET using the glucose analogue FDG is now an established imaging modality for detection and staging of cancer (41) . In bone and soft tissue sarcomas, FDG-PET was reported to be highly sensitive and especially relevant for estimation of individual prognosis. However, accuracy regarding tumor grading and differentiation from benign and malignant tumors can be reduced by nonspecific uptake in inflammatory cells and aggressive benign tumors (10, 22, 23) . In the present study, a similar overlap of benign tumors and low-grade sarcomas has been observed. FLT uptake was in the range of background activity in the majority of these lesions. Increased tracer uptake was observed in benign bone lesions containing normal bone marrow such as the proximal or distal femur. This is presumably related to increased proliferative activity of normal bone marrow (35) . Omitting lesions containing normal bone marrow from the analysis, FLT-SUV was <1.0 in benign tumors and a threshold of 0.8 for FLT-SUV differentiated benign from malignant tumors. This finding further supports the hypothesis that imaging proliferation may be more specific compared with FDG-PET (42, 43) .
In the majority of the patient collective, a direct comparison of both FLT-and FDG-PET was possible. Whereas a threshold of 3.4 for FDG-SUV also reliably differentiated benign from malignant tumors, linear regression analysis indicated no significant correlation of the FDG uptake to the tumor grade (Fig. 4) . Several authors reported significantly higher uptake of FDG in high-grade compared with low-grade sarcomas, whereas benign and grade 1 sarcomas could not be reliably differentiated (7, 9, 10, 12, 13, 19) . A study comprising a mixed population of 89 bone and soft tissue sarcomas also showed a significant correlation of FDG uptake and tumor grading (44) . However, an overlap of FDG uptake in low-and high-grade tumors was obvious in a considerable number of patients. The comparison of FLT-to FDG-PET in the current study is limited by the number of patients. Furthermore, FDG uptake for grade 1 and 2 tumors was higher compared with previous studies. Therefore, a clinical study including a higher patient number is warranted to further show the superiority of FLT over FDG.
The rationale to use FLT as a surrogate marker for cellular proliferation is based on its substrate specificity for the cell cycle -regulated protein TK1. Barthel et al. (45) recently reported that in vivo uptake of FLT is closely related to TK1 activity and cellular concentration of ATP. However, FLT acts as chain terminator and is therefore not incorporated into DNA and, hence, not a direct measure of proliferation (46) . Recent publications indicate that the metabolism of FLT is complex, especially in a posttherapy situation (47 -52) . Kenny and coworkers (48) have found a heterogeneous pattern of FLT uptake in primary tumors and metastases from breast cancer. Heterogeneity of tumors potentially explains the relatively high variability of FLT uptake also observed in our study (Figs. 1  and 2) .
In daily clinical practice, discrimination between benign and malignant tumors is based on histologic analysis of biopsied lesions including mitotic Fig. counting and immunostaining of e.g., proliferating cells using the Ki-67 specific antibody MIB-1. However, the prognostic value of proliferation fraction as assessed by immunohistochemistry remains a matter of debate. A biopsy is required in all cases but is suggested to be representative for all lesions only in patients with high-grade sarcoma. In patients with low-grade sarcoma, the heterogeneity of tumor proliferation can frequently not be identified except when biopsies from several tumor manifestation sites are done. Therefore, transformation to a more aggressive histology may be underestimated (Fig. 3) . In patients with low-grade sarcoma, whole body FLT-PET may indicate progression in areas with increased FLT-uptake and guide biopsy for further verification.
Several limitations have to be taken into account when transferring our results to the clinic. Our findings apply to a particular patient collective that does not cover all subtypes of bone or soft tissue tumors. Furthermore, SUV values were used to semiquantitatively assess the amount of tracer uptake in tumor manifestations. Uptake in small lesions may be underestimated due to partial volume effects. In the present series, lesions for which SUV calculation has been done had a size larger than 20 mm in all patients. However, partial volume effects may influence the diagnostic accuracy of FLT-PET in a larger series. Moreover, calculation of SUVs can vary substantially between institutions and cannot be assigned to other centers. As previously reported for the standard radiotracer FDG, false-positive findings may also occur at FLT-PET because an increased proliferation rate is not specific for malignant tumors. Due to physiologically high FLT uptake in bone marrow, differentiation of benign from malignant tumors may be problematic and detection of tumor manifestations in central bone structures may be prevented.
In conclusion, the thymidine analogue FLT is suitable for imaging malignant soft and bone tissue tumors. Molecular imaging of proliferation with FLT-PET seems also superior for noninvasive assessment of tumor grading compared with the standard radiotracer FDG. These promising results warrant analysis in a larger series comprising a greater variety of tumor entities.
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